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Abstract 
Sounds are information sequences that cannot exist outside of a time base and therefore 
cannot be analyzed inside an animal without an accurate internal clock. It is suggested that the 
clock may be hidden in the inner ear. It is shown that if a mechanism of counting of the electrical 
charge passing through the inner ear hair cells exists then the mechanism can be used both for 
the conversion of acceleration into velocity and as the inner clock, in the presence of a constant 
current. The causes of vertigo during rotation are discussed. It is shown that if a continuous inner 
time exists then sleeping is a “mathematical necessity”. It is indicated that both for visual and 
hearing inputs the recognition of an input signal is recognition of function(s) of two variables. 
Introduction 
As it is noted in the fascinating review The inner experience of time [1], “the striking 
diversity of psychological and neurophysiological models of „time perception‟ characterizes the 
debate on how and where in the brain time is processed”. Despite the diversity, so far not a single 
concrete internal process has been identified that cannot function without an inner time, aside 
from the generic understanding that “the perception of time is an essential and inextricable 
component of everyday experience”.  This probably is a major factor why “no conclusive 
answers to the questions of which neural substrates and what kind of neurophysiological 
processes could account for the experience of duration have been established”, because without a 
specific understanding where the internal time is used it is not clear where to search for its 
physiological mechanism.  
In this paper, we focus on the observation that hearing cannot function without an accurate 
inner time. Sounds are information sequences that are distributed in physical (vs inner) time – 
and do not have meaning without a time base that is coherent with physical time, – and therefore 
cannot be analyzed internally without an inner time that is accurate enough vs the physical time. 
Hearing could not have been developed evolutionarily without a concomitant inner clock and we 
discuss the idea that the auditory system includes an inner clock in its mechanism.  
Hearing inner time 
Fig.1 is a recording of the spoken word “sound” made by a modern computer with the 
“Audacity” software [2].  The whole word lasts 0.8s. 
By replaying different length pieces of the recording we estimated that the length of the 
replayed piece, to make the word “sound” recognizable, must be at least 0.6s. This means that to 
be recognized the recording must be analyzed as a whole, as a function known in a large enough 
time interval. 
 
  
 
Fig1. Recording of the word “sound”. The horizontal axis is (computer) time in seconds (we do not 
differentiate between physical time and computer time since they are synchronized with much higher 
precision than relevant to this discussion).  The vertical axis is the amplitude of the electrical signal 
registered by the microphone, normalized by the maximum value set by the software. 
 
The most interesting thing about the recording is that no matter how many times it is 
replayed to a person the person always hears the same; same word, voice, pitch and tempo.  
 
Each replay produces an external to the person information sequence (sound waves 
sequence), a function of physical time. Hearing converts this function into its image in the 
person‟s brain. Since the person hears the same each time, the conversion of this external 
function of time produces the same internal image. The image must be analyzed as a whole to be 
recognized. The image is a sequence of the distributions of the “instantaneous” sound 
frequencies and their amplitudes. The sequence itself is a distribution of the input information 
over the brain’s time, which is the inner time. Since we don‟t know how may inner clocks and 
times an animal has, we will refer to the inner time used to analyze hearing as hearing inner time, 
HIT. So we have a distribution over HIT of the instantaneous amplitude-frequency distributions.  
 
For the image being the same two things must occur. First, each instantaneous amplitude-
frequency distribution must be the same for the same input. This occurs because the stratification 
of the incoming sound by pitch (by frequency) depends on which part of the cochlea responds 
(resonates and produces electrical signal to the CNS) to the pitch. This remains constant for as 
long as the electro-mechanical properties of the ear remain the same. 
Second, the distribution over HIT of the instantaneous amplitude-frequency distributions 
must be the same for each replay. For this during the conversion equal length physical time 
intervals must be converted into equal length HIT intervals. This means that HIT(t) must be a 
linear function of (physical) time, 𝐻𝐼𝑇(𝑡) = 𝐾𝑡, maintaining the same coefficient of the 
proportionality, the HIT slope 𝐾, during all the replays. 
 
 Comparing the conversion of the sounds by hearing to the sound recording by any 
recording device, a consistent recording is possible only when the recorder timebase speed (e.g., 
the speed of the movement of the vinyl record groove vs the needle) is constant enough vs 
physical time. Note that this comparison is not exactly accurate, because the change of the 
recorder timebase speed during the replay will change both the pitch (sound frequencies) and the 
tempo (the distribution of the frequencies over the time interval). Contrary to this, if the HIT 
“timebase speed” (which is the HIT slope) changes it will result only in the change of the tempo 
without changing the pitch, as the latter is defined by the ear as a mechanical spectrum analyzer. 
  
To assess human sensitivity to the changes of the HIT slope we used “Change Tempo 
without Changing Pitch” option of the software, setting the length of the recording in the 
“Change Tempo” panel to a series of values and replaying the recoding using the “Preview” 
option.      
For the recording of the word “sound” in Fig.1, the changes of the recording length from 
0.8s to 0.7s and to 0.9s were clearly recognizable. This means that if the HIT slope does fluctuate 
over time it does not deviate from some median value more than ±10%. A time interval of 1s 
will be perceived by HIT as being somewhere within 0.9-1.1s.  
The software allows changing individually the tempo of the subintervals of the recording in 
Fig.1. Changing the tempo of different subintervals to different values it is possible to make the 
replayed word “sound” unrecognizable, though all the frequencies in its recording will remain 
the same. 
Without an accurate enough HIT, hearing could only provide information about presence of 
sounds of certain frequencies while recognition of the meaning contained in the time sequence of 
sounds would have been impaired or impossible. 
 
Internal integration of acceleration 
It is well known that if a blindfolded person is rotated in a swivel chair 5 times over 10 
seconds and then stopped the person will erroneously feel that he or she is still rotating, which is 
a form of vertigo. In this experiment the sensors that provide the motion information are human 
accelerometers, presumably located in the inner ears. The fact that the person experiences having 
an angular velocity, which is an integral of the acceleration, suggests that somewhere inside the 
human body the accelerations are integrated.  
The angular velocity and the angular and linear acceleration of the two inner ears in the 
experiment are schematically shown in Fig.2. Angular velocity, 𝜔, and angular acceleration, 𝛼, 
are the same for both inner ears. Tangential, 𝑎𝑡 , and centripetal, 𝑎𝑐 , accelerations of the inner ear 
will occur if there is a non-zero distance, 𝑟, between the inner ear and the axis of rotation. In 
general,  𝑎𝑡   and  𝑎𝑐  are different for the two ears. If a sitting person is rotated around a vertical 
axis then at least one of the ears will not be on the axis and will have both of these accelerations.  
 
Fig.2. Schematic graphs of the angular velocity and accelerations of the inner ear. 
The accelerations shown in Fig. 2 are inputs to human accelerometers. Inside the body 
these accelerations are integrated into the expected angular velocity, in the case of the spinning 
chair experiment – erroneously.  
 
On the other hand, if a person turns his or her head 1/8
th
 of the full circle in 1/4
th
 of a 
second, which would result in the head velocity as in the spinning chair experiment, normally 
there will be no vertigo. We know this because we habitually turn our heads much faster than 
this. This means that under some circumstances the angular integration is accurate.  
 
It seems there are two ways in which the change in velocity,  ∆𝑣 =  𝑎(𝑡) 𝑑𝑡, can be 
calculated inside the body. First way is to register the accelerations as functions of the inner time 
and have a mechanism of integration of these functions over the inner time. Let us call the inner 
time that would be needed for this the acceleration inner time, AIT. For this way to work AIT 
must be a linear function of time, 𝐴𝐼𝑇 = 𝐾𝑡. Then  ∆𝑣 =  
1
𝐾
 𝑎 𝐴𝐼𝑇  𝑑(𝐴𝐼𝑇), which means that 
integration over the inner time allows obtaining the required result. 
 
The other way can be rooted in the well know fact that upon registration by the inner ear 
the mechanical input, acceleration 𝑎, is converted into the electrical current, 𝑖 = 𝑓(𝑎) [3, 4]. 
Suppose this dependence is linear,  𝑖 = 𝑘𝑎. The electrical current is the first derivative over time 
of the electrical charge, 𝑞, that is passing through the electrical circuit,  𝑖 =  
𝑑𝑞
𝑑𝑡
 . Then ∆𝑣 =
1
𝑘
∆𝑞. 
Hence if the acceleration registration mechanism can count the electrical charge that is passing 
through the circuit then an inner time is not needed to calculate the velocity change because the 
increment of the velocity is proportional to the increment of the charge.   
 
Conversely, if there is a mechanism that can count the passing electrical charge, e.g. count 
the ions that are passing through an electrolyte or through the cochlea hair cells, then in the 
presence of a constant current the count itself can serve as the inner time. The silent stria 
vascularis current appears to be constant and significant [5]. If the mechanism of the silent 
current charge count (or its portion passing through the hair cells) exists then the count can serve 
as the inner time.   
 
Note that the angular and tangential accelerations may be the same, in value and duration, 
both in the swivel chair experiment and during the short head turn. In this case the only 
difference between the long and short rotations is in the duration of the centripetal acceleration 
that is not included into the integration for obtaining the angular velocity. It may be that a 
prolonged application of the centripetal acceleration drains the resources of the system, resulting 
in the angular and tangential accelerations registered at the end of the rotation to be imprecise. It 
would be very interesting to perform an experiment in which the rotational axis goes exactly 
through both inner ears (e.g. while a person is laying on his side) to study the vertigo effects in 
the case when only the angular acceleration is present. 
Location of the hearing inner clock 
As was discussed above, without an inner time the hearing sensory mechanism could only 
provide information about the presence of a sound, but the recognition of complex sounds 
unfolding in time would have been impossible. This indicates that the hearing sensory 
mechanism – as complex as it is, – evolutionarily could have been developed only in the 
presence of an accurate enough inner clock.   
 
On the other hand, are there other processes in an animal that could have prompted the 
evolutionary development of an accurate enough for hearing inner clock before hearing was 
developed? The answer to this seems to be unknown. 
 
In the absence of a better guess, we speculate that the inner clock needed for hearing was 
evolutionarily developed together with hearing as a part of the same system. Taken into account 
that in vertebrates the hearing and acceleration sensory mechanisms are bundled together in the 
inner ear, and that integration of the accelerations either requires an inner clock or provides a 
mechanism that can serve as an inner clock, we suggest a hypothesis that the hearing inner clock 
is located, at least partially, within the same bundle. The acceleration inner clock, if it exists, is 
also located there.  
 
Continuous inner time and sleep 
 Let us use IT to denote HIT or AIT (if the latter exists). Suppose that IT(t) is a continuous 
function of time.  For the convenience of the discussion, we assume that the IT slope > 0 so that 
IT(t) increases over time. Then either the IT(t) range is so large that it is not exceeded during the 
animal‟s life span or there must be periods when the function IT(t) decreases.   
Let us explore the second possibility (Fig.3). 
 
Fig.3. Schematic graph of the continuous inner time, IT(t). 
 
During the periods of time when the fixed IT slope is not maintained and IT(t) decreases the 
sound recognition is impossible and maintaining balance is difficult because of the 
misinterpretation of the acceleration inputs. This would be the principle reason why an animal 
needs to sleep, despite all of the vulnerabilities an animal in the wild experiences when sleeping.  
We don‟t have a theory of how exactly IT(t) would change during sleep but the existence 
of different stages of sleep hints that it may change unevenly.  
On the other hand, if the IT(t) graph in Fig.3 is in principle correct, then it seems that a 
human should be able to consciously measure, with at least ~10% precision, the time intervals 
between the events within the same wakefulness period. This does not occur. So either IT(t) is 
not continuous or it cannot be  consciously queried. The latter is very likely as it seems there is 
no an evolutionary advantage that the exact knowledge of time could provide.  
 Unrelated to the specific discussion of HIT and AIT, there might be inner clocks/times that 
serve purposes where the exact proportionality to the physical time does not matter. If there is a 
physical process or characteristics that serves as an inner time then the inner time will be 
continuous with respect to the physical time (assuming that all these internal processes or 
characteristics are continuous). The range of the inner time will be limited and it cannot increase 
everywhere. When it decreases the inner time will go backwards with respect to the physical 
time. What was before and after will be scrambled internally. It is difficult to list all the things 
that could go wrong if the inversed inner time were used, because we don‟t know all the internal 
processes where an inner time is used.  E.g., creation and usage of the conditioned reflexes 
would be impossible.  
There are many internal processes, such as memory consolidation needed for learning, that 
occur during sleep [6]. However it is not known why these processes actually require sleep, 
which is a significant suppression of the animal‟s sensory inputs.  Drawing a comparison with 
the processing data by a computer, the reorganization of the computer data does not require 
turning off the computer inputs. However if an animal has a continuous inner time then sleep 
may be a “mathematical necessity”, needed to avoid misinterpretation of the inputs during the 
inner time “rewinding”. 
 
 “Saw-teeth” hearing inner time 
As discussed above, HIT(t) maybe is not a continuous function of time. Yet it must be a 
linear function of time, always with the same slope, for at least as long as it is needed to 
recognize the meaning of a sound. HIT(t) cannot have breaks that would create internal signal 
sequences that are shorter than it is needed for the recognition. This leads to the following model, 
Fig.4. 
 
Fig.4. Schematic graph of the non-continuous hearing inner time, HIT. 
 
In the absence of the input sound HIT(t) changes linearly until it reaches its range, then it 
breaks and resets to 0. Resetting to 0 is also triggered by arrival  of new sounds, the words 
“sound” and “hello” in Fig.4, and by the completion of the sounds recognition.  
 
Within this model the object being recognized by hearing is a function of two arguments 
with a fixed domain. The first argument is the length along the cochlea spiral to where the 
electrical signal, which is the value of the function, is produced.  First argument‟s domain is the 
whole cochlea spiral length. The second argument is HIT, which is limited to the HIT range.  
 Humans and some other animals are able to recognize still visual images. In this case the 
object of recognition is also a function (or several functions, if we include color) of two 
arguments with a fixed domain, where the arguments are parametric coordinates (in some 
parametric representation of the retina surface) of the point on the retina from where the signal is 
coming. 
It is possible that similar mechanisms are used for the recognition of the hearing and visual 
inputs. 
 
Inner time and acceleration 
In 1987 the author of this paper was subjected to a strong deceleration during a car crash. 
The exact parameters of the deceleration are unknown but they must be comparable to the 
deceleration of a buckled up person in a car that hits a concrete wall at a speed of 70-90 km/hour.  
 
Two most remarkable observations during the crash were, a set of fractures propagating 
through the windshield so slowly that the author could see the details of the fractures 
development, and a heavy 4.5 liter metal thermos filled with tea that was slowly floating in the 
air near author‟s head as if it was a toy balloon.   
In reality, both events, the fracture propagation and the thermos‟ flight, lasted a fraction of 
a second. In the author‟s inner time they lasted several seconds. This means that under those 
circumstances the IT slope had temporarily increased, 10-100 times. 
While discussing these experiences with colleagues the author heard that there were test 
pilots memoirs with the similar recollections, but the author could not get hold of them. 
 
On the other hand it is well known that prolonged cycles of small accelerations induce 
sleep. This is commonly used to rock babies to sleep. Those who travelled long distances in a 
train sleeping car know that it is applicable to adults as well. As it is noticed in [7], “the nature of 
the link between rocking and sleep is poorly understood”.  If the suggested theory about the 
bundling of the inner clock with the acceleration sensory mechanism is correct then a possible 
explanation of the rocking effect may be that a prolonged acceleration load exhausts the whole 
mechanism, including the inner clock, which would result in sleep.  
Conclusions 
We have demonstrated that accurate inner clocks are needed for the recognition of complex 
sounds. The arguments were made that the clocks or their parts may be located in the inner ear. 
Experimental verification of the proposed theories is required. Chronic observations that would 
cover normal wakefulness-sleep cycle may be needed for the inner clock location.  
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